Are microlensing searches likely to discover planets that harbor life? Given our present state of knowledge, this is a difficult question to answer. We therefore begin by asking a more narrowly focused question: are conditions on planets discovered via microlensing likely to be similar to those we experience on Earth? In this paper I link the microlensing observations to the well-known "Goldilocks Problem" (conditions on the Earth-like planets need to be "just right"), to find that Earth-like planets discovered via microlensing are likely to be orbiting stars more luminous than the sun. This means that light from the planetary system's central star may contribute a significant fraction of the baseline flux relative to the star that is lensed. Such blending of light from the lens with light from the lensed source can, in principle, limit our ability to detect these events. This turns out not to be a significant problem, however. A second consequence of blending is the opportunity to determine the spectral type of the lensed star. This circumstance, plus the possibility that finite-source-size effects are important, implies that some meaningful follow-up observations are likely to be possible for a subset Earth-like planets discovered via microlensing. In addition, calculations indicate that reasonable requirements on the planet's density and surface gravity imply that the mass of Earth-like planets is likely to be within a factor of ∼ 15 of an Earth mass.
Encyclopedia of Extrasolar Planets, www.obspm.fr/darc/planets/encycl.html), and promise the discovery and even the imaging of additional planets (Angel & Woolf 1997; Fraclas & Shelton 1997; Labeyrie 1996; Brown 1996) . These developments excite the imagination because they seem to bring us closer to the possible discovery of extraterrestrial life. It is therefore interesting to ask whether microlensing searches are likely to find planets on which life could thrive.
We do not yet have a clear enough understanding of the nature of life to definitively answer this question, because the range of physical conditions compatible with life may well be wider than our limited experience would at first suggest. It has been proposed, for example, that life may exist on the outer planets of our own solar system and/or on their moons. (See, e.g., Reynolds et al. 1983; Raulin et al. 1992; Sagan, Thompson, & Khare 1992; Williams, Kasting, & Wade 1997 , McCord et al. 1997 .) It has even been postulated that life may exist in non-planetary environments, including the interiors of stars and molecular clouds (see, e.g., Feinberg & Shapiro 1980) . It therefore makes sense to consider any planet, however close to or far from its star, and whatever the nature of the star, as a possible harbor for life.
Nevertheless, in the absence of real information on the existence of life away from our own planet, one question is clearly interesting: will microlensing find evidence of planets similar to Earth? We must of course define what we mean by "similar to Earth". If we mean that there is a chance that chemical processes necessary for Earth-like life could occur, then we want to consider planets which can have similar surface and atmospheric make-up, and similar amounts of energy available to fuel the necessary chemical processes. The range of planetary masses and distances from a solar-type star compatible with Earth-like conditions, particularly the presence of liquid water, has been dubbed the "Goldilocks Problem", and has been studied by many researchers. (See, e.g., Rampino & Caldeira 1994, for an overview.) In linking the Goldilocks problem to microlensing observations, we must focus on the properties of planetary systems that determine their detectability when searched for by microlensing monitoring programs. §2 is therefore devoted to a brief overview of the detection of planets via microlensing. The question of whether planets discovered through their action as microlenses may be Earth-like, is addressed in §3. One of the primary findings of this study is that when a planet discovered via microlensing receives from its central star a flux of radiation comparable to that received by the Earth from the Sun, the central star will generally be more luminous than our Sun. This means that light from the lensed star will be blended with light from the planetary system. §4 is devoted to studying how blending (a) influences the detection of, and (b) helps us develop strategies to study planetary systems discovered through microlensing. In §5, I summarize the conclusions.
Microlensing and Planet Detection
The detection of a planet via microlensing is possible if the separation between the star and planet is close to or larger than the Einstein radius, R E , of the star:
where M is the stellar mass, D S is the distance to the lensed source, and x is the ratio of the distance to the lens to D S . Consider lensing by a mass, m i . Define τ E,i to be the time taken for the track of a lensed star to cross a distance in the lens plane equal to the Einstein diameter, 2 R E,i . Note that the duration of the observable event generally differs from τ E,i for several reasons. First, if the photometric sensitivity is good, the event may be detectable well before the track of the source comes within R E of the lens position. For example, the deviation from baseline is at the ∼ 6% level, when the projected separation between the source and lens is 2 R E . Second, the track of the source will not generally intersect the lens position. Finally, blending may decrease and/or finite-source size effects may increase the time during which the event is detectable. (See Di Stefano 1998; Di Stefano & Scalzo 1997 or 1998a for discussions relevant to planet lenses.)
Express the separation between the planet and star as a = µ R E . The minimum possible value of µ for which planets can be discovered via microlensing is ∼ 0.8 (Gould & Loeb 1992 , but see Wambsganss 1997 for a detailed discussion). For planets located between roughly 0.8 R E and 1.5 R E (the zone for resonant lensing), the signature of a lensing planet is a short-lived perturbation superposed on a light curve whose underlying structure is due to lensing by the planetary system's star. The time duration of the underlying event may be weeks or months. All of the literature published to date on planet discovery via microlensing has been limited to the possible discovery of planets in the zone for resonant lensing, and observing programs designed to increase the detection efficiencies for these types of events are already underway. For a more detailed description of these short-duration, "resonant" perturbations, and a discussion of the boundaries of zone for resonant lensing see, e.g., Mao & Paczyński 1991 , Gould & Loeb 1992 , Bennett & Rhie 1996 , Paczyński 1996 , Wambsganss 1997 , Peale 1997 .
The benefits of systematically extending the search, to look for planets located farther from the central star, have recently begun to be explored (Di Stefano & Scalzo 1997 , 1998a ,b, Di Stefano 1998 . For larger values of a, the planet generally acts as an independent lens. When the planet is the only lens, then the event will be an isolated event of short-duration. (For a Jupiter-mass planet, e.g., the time duration of the perturbation from baseline lasts ∼ 3% of the time the deviation due to a solar-mass star would.) When the track of the source passes through the lensing region of one planet and also that of another system mass (typically the central star), the event will appear to repeat (Di Stefano & Mao 1996 , Di Stefano & Scalzo 1997 , 1998a .
There is no maximum value of µ, other than that dictated by the dynamics of the planetary system itself-i.e., planets located too far from the central star may be lost from the system. Because the probability of a repeating event falls off as 1/a, where a is the orbital separation, while the probability of isolated short-duration events is nearly independent of position (and actually increases at the expense of repeating events as the orbital separation increases), isolated short-duration events become the dominant mode of detection for planets in wider orbits-particularly since planetary systems may have several planets in wide orbits (Di Stefano & Scalzo 1997 , 1998a .
Calculations indicate that it is likely that microlensing by planets in wide orbits will provide an important channel and, for low-mass (e.g., Earth-mass) planets, possibly the dominant channel for planet detection via microlensing (Di Stefano & Scalzo 1997 , 1998a ,b Di Stefano 1998 .
Earth-Like Conditions
The phrase "Earth-like conditions" does not have a unique meaning. Two requirements seem natural, however. (1) The radiation flux received from the central star should be neither too large nor too small; (2) The planet should have a rocky surface, water, and a gaseous atmosphere.
The Orbital Separation and the Incident Flux of Radiation
For Earth-like conditions to exist, the primary requirement on a, the orbital separation between the planet and the central star, is that the incident flux of radiation from the star should be comparable to the flux received by the Earth from the Sun. That is, F /F ⊕ , should not be too different from unity.
The mass and luminosity of the central star are M and L, respectively. As
is the distance to the lensed source (lens), and
Given that (1) the conditions that lead to life may be flexible, (2) the effects of radiation incident from the star are likely to be strongly influenced (either enhanced or diminished) by the planet's atmosphere, and (3) internal heating from geological processes or radioactive materials may be important, it is not clear how large a range of values of F /F ⊕ may be compatible with the development of life. We will therefore simply use F /F ⊕ ≃ 1 as a guideline, and emphasize that this should not be viewed as an absolute requirement. Figure 1 shows the relationship between M and x for those systems that satisfy the relationship F /F ⊕ = 1. We have set µ = 1.5 and have assumed that L = M 3.5 in the upper plot, and L = 10 M 3.5 in the bottom plot; the former would be appropriate for main-sequence stars, while the latter would be appropriate for slightly evolved stars. As Eq. 1 and Figure 1 make clear, if the planets we will discover via microlensing are to have incident flux comparable to the flux incident on Earth, their stars will generally (although not necessarily) be more luminous than our sun. This has two obvious implications. The first is that the length of time during which the planet would have this flux incident will be shorter than the time to date that the Earth has had roughly this flux incident. This is because the system's star may need to be more massive than the Sun, or even slightly evolved. The time elapsed from the formation of the star until the present time could range from less than 0.1 the present age of the sun to times comparable to the sun's main-sequence lifetime. We do not know how long it takes for complex life forms to develop, but it may be that the process is fast enough that intelligent life can develop and thrive during a time significantly shorter than the present age of the Sun. Indeed, it is likely that a long sequence of independent processes must occur in order for intelligent life to develop; thus, the probability distribution may well be log normal, and the likelihood of intelligent life developing in times much shorter than the time apparently taken on Earth may be significant.
The second implication is that, since the central star must be fairly luminous, it may contribute a non-negligible fraction of the light incident along the line of sight to the lensed source; i.e., the light we receive may be strongly blended. 
The Mass of the Planet
We may also argue, as follows, that planets likely to be deemed Earth-like have masses within a factor of ∼ 15 of the mass of the Earth. Assuming that we would like a rocky surface, we also assume that the planet's average density should be similar to that of Earth. This means that the acceleration due to gravity, g, scales as the cubed root of the planet's mass, m. Thus, g will be within a factor of 2.5 of g ⊕ (= 9.8 m/s 2 ) if m is within a factor of 15 of m ⊕ . Increasing or decreasing the value of g will lead to different atmospheric contents; for any given atmospheric temperature, there is a lower limit to m (hence g), below which an atmosphere will not be retained.
Additional (and more sophisticated) considerations can influence these limits. For example, the level of geothermal (planetary-thermal) activity may be less for planets of smaller mass, influencing atmospheric chemistry. In fact, it has been conjectured that part of the difference between Earth and Mars, which is roughly 10 times less massive than Earth, could be related to differences in planetary-thermal activity related to their mass difference. But it is not clear that this is the crucial difference with regard to liquid water, for example, and other possibilities exist. (See, e.g., Rampino & Caldeira 1994.) In this paper, however, I will not highlight such complementary restrictions. This is because the main relevance of such considerations to microlensing observations is simply that there is likely to be a range of planet masses, possibly spanning two orders of magnitude, consistent with Earth-like conditions. This means that event durations for Earth-like planets are likely to also have a range. The factor of 15 derived above corresponds to a range of event durations from less than an hour to more than a day. In addition, finite-source-size effects could increase the time duration of events by a factor of a few (Di Stefano & Scalzo 1997 , 1998a , Di Stefano 1998 .
Exploring the Consequences: The Effects of Blending
If the central star of a planetary system that serves as a lens is fairly luminous, then its light will blend with that from the lensed star. This blending can have two consequences. First, if is is measurable and can be quantified, blending makes it possible to learn more about the lens system: the spectral type of the central star can be determined and, in some cases, even the mass of the planet may be inferred (Di Stefano 1998). Unfortunately, however, the second consequence of blending is that the peak magnification, or in some cases, the time interval during which the event is observable, may be decreased to the point that the planet-lens event is not detected at all. We must distinguish between the detection of planets in the zone for resonant lensing, and the detection of planets in wider orbits. The discussion below applies to cases in which the orbital separation is outside the zone for resonant lensing, when the planet acts as a more-or-less independent lens. At the end of §4.1 we return to the case of planets in the zone for resonant lensing.
Let f represent the fraction of the baseline flux contributed by the lensed star. When the central star of the planetary system is luminous, particularly if its flux comes close to satisfying the criterion studied in the last section (F /F ⊕ ∼ 1), then f can indeed be small enough for the effects of blending to be measurable. If, for example, the apparent V magnitude of the combined light coming along the line of sight from a lensing event is [19.5, 17.0, 15.7] , then f ≤ 0.1 if the lens is located in the Bulge and is a main-sequence star of mass roughly equal to [1, 2, 3] M ⊙ . A small value of f can allow us to reliably determine the effects of blending and to thereby learn more about the lens. The question we address below is whether values of f small enough to be useful may prevent the event from being detected. 
The Effects of Blending on Event Detection
When light from the lensed source is blended with light from other sources, the observed magnification, A obs , is smaller than the true magnification, A.
Thus, in order for a light curve perturbation to be brought above the detection limit, A must be larger than it would otherwise have to be, the projected distance between the source and lens must be smaller, and the event will consequently appear to have a shorter duration. To describe this effect systematically, Di Stefano & Esin (1995) introduced the "blended Einstein radius", R E,b . Let A min be the minimum peak magnification needed for event detection. Define the duration of each event to be time during which the magnification Attenuation of Event Duration
vs A min . Source tracks going straight through an Einstein diameter have been considered. τ E is the time needed for the source to cross a distance equal to the Einstein diameter. The observed event duration, τ, is defined to be the time during which A > A min . Because each event was subject to blending (f < 1), τ is attenuated relative to the event duration without blending. Note that, for A min < 1.34, the duration of the observed event would be greater than τ E , were there no blending. Each curve shown corresponds to a fixed ratio τ /τ E . The horizontal lines correspond to f V = 0.5, 0.1, 0.01, proceeding from top to bottom. For reference, Note that, if the lens is a main-sequence star with mass [19.4, 16.9, 15.6] . Vertical lines correspond to A min = 1.02, 1.04, 1.06; these provide comparisons which demonstrates the improvement in event detection relative to the case A = 1.34, which is also marked by a vertical line.
was greater than A min . The expression for the blended Einstein radius is then Figure 2 illustrates the influence of blending on event duration as a function of both A min and f. For a given value of f, the event duration is longer if A min is smaller. Thus, increasing the photometric sensitivity to accomodate smaller values of A min should increase the detection rate. Note that if A min is 1.06, then even if f = 0.18, the event duration (which would have been 2 τ E ), is reduced by only a factor of 2, to 1 τ E . Thus, while blending does tend to decrease the event duration, making more frequent monitoring desirable, we can expect to be able to detect a large majority of events by using sensitive photometry. Note, however, that, even with A min = 1.34, the time duration of an event with f = 0.32 would be decreased by only a factor of 2. If A min could be reduced to 1.02-a formidable task for a large-scale monitoring program-then for f = 0.03, an event that would have lasted for 3 τ E will have an observed duration of 1 τ E .
There has not been a detailed study of the effects of blending on the detection of planets in the zone for resonant lensing. We can make some general observations, however. Blending does decrease the duration of stellar-lens events. Since we expect most such events to last for times on the order of weeks or months, the arguments above show that it is unlikely that blending will cause us to miss the stellar-lens event altogether. What blending can do, though, is to shorten the event in such a way that we become aware of it only after the planet-lens perturbation has occurred, if the perturbation takes place early in the event. Perturbations can take place early in stellar-lens events (Paczyński 1996 , Wambsganss 1997 3 ). Thus, one effect of blending is to decrease the rate of observable resonant planet-lens events. The effect should not be large, however, because (1) the events that occur early are not generally the most distinctive and readily observed planet-lens events, and (2) careful monitoring, once we know the stellar-lens event is underway, can help us to catch even perturbations that take place as the measured flux declines toward baseline, so that we suffer the worst losses only on the upswing of the magnification. The second effect of blending is to alter the light curve shape. When, however, finite-source-size effects are unimportant, the spike in magnification associated with resonant events is so distinctive that frequent monitoring of the light curve during the event should allow us to detect it. The remaining challenge is therefore to estimate the combined effects of finite-source size and blending on the overall efficiency of detecting planets in the zone for resonant lensing.
The Effects of Blending and Finite Source Size on Studying the Planetary System
The up-side of blending is that the quantity and color of light from the central star are themselves valuable pieces of information about the planetary system. Thus, if the blending is significant enough to make these features measurable, it allows us to learn something interesting about the planetary system. We would like to do the following.
(1) Definitively establish that there is blending.
(2) Establish that the light not emanating from the lensed source is most likely emitted by the central star of the planetary system. This establishes that, even if the event was an isolated event of short-duration, the lens was a planetary system.
(3) Determine the spectral type, and possibly the mass of the central star. In cases in which the mass ratio can be extracted from the light curve, this will establish the mass of the planet lens.
If, in addition to blending, there are measurable finite-source-size effects, then the mass of any planets that served as lenses may be determined directly.
These possibilities, together with the combined effects of blending and finite-source-size effects on event detection, are discussed in more detail elsewhere (Di Stefano 1998), since they apply to all planetary systems discovered via microlensing, not just those most likely to include an Earth-like planet. Here I simply note that a combination of observations would generally be needed to accomplish these goals. These include: light curve studies to begin to assess the role of blending and finite-source-size effects; possible astrometric studies (e.g., Goldberg 1988 , Goldberg & Wozniak 1998 , Boden, Shao, & Van Buren 1998 , Dominik & Sahu 1998 , Mao & Witt 1998 ; spectra taken near peak magnification, compared with spectra taken at baseline, to determine the spectral type and radius of the lensed star; and high-spatial-resolution follow-up observations to determine whether any light not emanating from the lensed star can be explained by a chance superposition of light from other stars in the field.
Conclusion
Microlensing searches for planets complement other types of searches. They have the advantage of probing vast volumes of space, and of providing information about the existence of planets in diverse stellar environments. An additional advantage is that microlensing can discover low-velocity planets. Because they are far away, however, planets discovered via microlensing are less amenable to detailed follow-up observations. In this paper I have shown that microlensing is a tool that can discover distant planets with Earth-like conditions, should such planets exist. In addition, I find that, among planets discovered by microlensing surveys, those likely to be experiencing Earth-like conditions are particularly good targets for some follow-up studies. This is because the central star of these planetary systems may be luminous enough that the blending of its light with light from the lensed source may be detectable and quantifiable. Through a combination of spectra taken during the event, high resolution images and spectra taken after the event, and light curve fitting, we may be able to determine the spectral classification of the central star, the distance of the planetary system from us, and even, in some cases, the mass of the planet lens. (See also Di Stefano 1998.) Although there may be a subset of such events that are rendered undetectable by the very blending that helps to make them potentially so interesting, the results presented here show that in most cases, the planet-lens events should be detectable.
Until now, microlensing discussions of Earth-like planets have intrinsically focused on Earth-mass plants. In addition, because (1) low-mass stellar lenses are almost certainly significantly more numerous than higher-mass stars, and (2) a larger value of the mass ratio between the planet and star is preferred for detection, it has become common for calculations to focus on a low-mass (∼ 0.3 M ⊙ ) star orbited by an Earth-mass planet. Figure 1 indicates, however, that it is unlikely that a low mass star will harbor a planet with Earth-like conditions that can be discovered via microlensing. Furthermore, the considerations in §3.2 indicate that there may be room for more flexibility in the mass of planets with Earth-like conditions than has been assumed so far. Simple arguments indicate that the range could extend as much as a factor of ten above, and a factor of 10 below the mass of the Earth.
Finally, it is important to note that we should consider the possibility that microlensing (whether by resonant or wide planets) is most likely to discover the outer planets in a system that may contain closer planets experiencing Earth-like conditions. In this case, the microlensing events serve as beacons directing us to the planetary system. In the near-term, such discoveries can contribute to developing the statistics of distant planetary systems, such as the frequency of planets as a function of spectral type and the spatial distribution of planets around stars. In the far (and so far unforeseeable) future, astronomers with instruments capable of measuring the spectra of distant stars and detecting small-amplitude Doppler effects can perhaps check these planetary systems for the presence of planets in orbits smaller than those occupied by the planets discovered via microlensing.
